ABSTRACT Custom modes at a wavelength of 1064 nm were generated with a deformable mirror. The required surface deformations of the adaptive mirror were calculated with the Collins integral written in a matrix formalism. The appropriate size and shape of the actuators as well as the needed stroke were determined to ensure that the surface of the controllable mirror matches the phase front of the custom modes. A semipassive bimorph adaptive mirror with five concentric ring-shaped actuators and one defocus actuator was manufactured and characterised. The surface deformation was modelled with the response functions of the adaptive mirror in terms of an expansion with Zernike polynomials. In the experiments the Nd:YAG laser crystal was quasi-CW pumped to avoid thermally induced distortions of the phase front. The adaptive mirror allows to switch between a super-Gaussian mode, a doughnut mode, a Hermite-Gaussian fundamental beam, multi-mode operation or no oscillation in real time during laser operation. For every application there is an ideal intensity distribution which yields optimum results. Such intensity distributions of the beam are commonly called custom modes because their spatial shape is optimised for a specific purpose. Either the special shape of the beam is advantageous for the generation of the laser radiation inside the cavity or for the laser induced process on a target. Due to their high potential in numerous applications we discuss the super-Gaussian mode (also known as top-hat or flat-top mode) and the doughnut mode as two examples of custom modes in the following.
Introduction
For every application there is an ideal intensity distribution which yields optimum results. Such intensity distributions of the beam are commonly called custom modes because their spatial shape is optimised for a specific purpose. Either the special shape of the beam is advantageous for the generation of the laser radiation inside the cavity or for the laser induced process on a target. Due to their high potential in numerous applications we discuss the super-Gaussian mode (also known as top-hat or flat-top mode) and the doughnut mode as two examples of custom modes in the following.
The super-Gaussian mode is characterised by a homogeneous intensity distribution and steep edges whereas the doughnut mode exhibits a ring shape with vanishing intensity in the centre of the beam. The intensity distributions of the super-Gaussian mode I SG (r) and the doughnut mode (1)
u Fax: ++41(0)31 340 8280, E-mail: migerber@bluewin.ch where I 0 is the peak intensity, w 0 is the radius of the mode and n is the super-Gaussian index or -in other words -the order of the super-Gaussian beam. The intensity distributions of the modes are shown in Fig. 1 
with Γ(x) being the Gamma function. A super-Gaussian beam with a super-Gaussian index of n = 6 features a M 2 factor of 1.3, which is slightly higher than the M 2 value of the fundamental Hermite-Gaussian beam (n = 2, M 2 = 1). But even for a super-Gaussian mode with a super-Gaussian index of 15 the beam propagation factor M 2 is less than 2. Many applications benefit from custom-shaped mode profiles: In material processing, for instance, the steep slopes of the intensity profile of the super-Gaussian beam result in sharper edges of the treated workpiece and less rework is ne- cessary. When a pressure gradient is needed to remove the fused material the TEM 00 Gaussian mode is the appropriate beam however. Custom modes can also be used for the hardening of metal surfaces [5] . For the generation of higher harmonics in the field of non-linear optics a flat-topped intensity profile ensures optimum frequency conversion efficiencies below the damage threshold of the non-linear crystal [6] . The optimum pump distribution to minimise thermally induced lenses, birefringence, and stress is the homogeneous pump distribution. Hence, to reach high extractions efficiency in a homogeneously pumped laser medium, a super-Gaussian laser beam offers the best overlap with the gain medium. The super-Gaussian beam does not in principle feature a larger mode volume, but a Gaussian mode with the same large radius would suffer from losses due to the truncated wings of the beam. Consequently a super-Gaussian mode with the appropriate beam width is to be favoured also for this reason [7] . Optical tweezers have gained significant importance for the manipulation of organic material. Among Bessel beams the doughnut mode is especially useful to trap large and nontransparent particles.
To generate custom modes one has to modify the phase of the propagating wave inside the resonator. When the profile on a beam shaping element matches the phase front of the custom mode the amplitude is reconstructed after one round trip as sketched in Fig. 2 . Typically the wave front of a propagating custom mode features a spherical curvature with small deviations. These modulations of the phase front are in the order of about one tenth of the laser wavelength.
The phase inside the cavity can be modulated with phase plates, or so-called graded-phase mirrors [8] [9] [10] . Diffractive optical elements were also successfully applied, but the required structures are more complex as compared to graded-phase mirrors [11] . For CO 2 lasers, graded-phase mirrors can easily be manufactured with diamond turning machining due to its comparatively large wavelength of λ = 10.6 µm [12, 13] . With the vapour deposition technique and an appropriate mask, we manufactured a graded-phase mirror for the ten times shorter wavelength of a Nd:YAG laser and generated super-Gaussian modes of the sixth order [14] .
However a graded-phase mirror or other static beam shaping optics are designed for a specified cavity and a single, defined custom mode. For the real-time control of the spatial shape of the oscillating modes adaptive means are desirable.
FIGURE 2
The custom mode E, e.g., a super-gaussian mode, is specified at the position of the output coupling mirror. Its plane phase front is drawn as a dashed line. The phase front of the field E (drawn as dashed line) at the position of the adaptive mirror can be found by propagating the electromagnetic field E through the cavity by using diffraction theory (Collins integral written in terms of a matrix K). When the profile of the beam shaping mirror coincides with the phase front of the incident beam, the desired custom mode is reconstructed after one round trip When varying beam shapes are needed, an adaptive mirror can spare the exchange and the readjustment of the different beam shaping optics. An adaptive mirror can change the phase front inside the cavity in real-time. In addition, with an adaptive mirror it is also possible to simultaneously correct for the varying thermal distortions of the beam passing through an aberrated gain medium. An adaptive mirror is, therefore, a very versatile beam shaping device.
Nowadays adaptive mirrors are widespread in terrestrial astronomic telescopes to correct the aberrations caused by atmospheric turbulences and become more and more popular in laser optics. Adaptive mirrors were already successfully used to reduce the aberrations of a beam transmitted through large glass amplifiers of high energy laser facilities [15] or to improve the beam quality in high-power solid state oscillators [16] [17] [18] or MOPAs [19] operating in the multimode regime. Further applications of deformable mirrors include efficient coupling of light into an optical single-mode fiber [20] and retinal imaging of the human eye [21] . The successful generation of super-Gaussian beams in CO 2 lasers with adaptive mirrors was reported in [22] . The approximately ten times shorter wavelength of the Nd:YAG laser, however, requires a higher quality of the mirror polishing and a higher resolution of the actuator stroke. In this paper we present the formation of super-Gaussian and doughnut beams at a wavelength of 1064 nm by means of a semi-passive bimorph adaptive mirror.
In Sect. 2 we first discuss the calculation of the necessary surface deformation of the deformable mirror to generate custom modes. In Sect. 3 the layout of the custom designed controllable mirror is described in detail and in Sect. 4 it is shown how the deformable surface of the mirror can be modelled by means of a linear expansion of response functions. The experimental results are presented in Sect. 5.
2
Calculation of the needed surface deformation of the adaptive mirror
To find the profile on the adaptive mirror that is required to generate a custom mode, we start with the desired amplitude distribution of the custom mode at the flat output coupling mirror (plane phase front), and calculate the propagation of the mode through the cavity to get the phase distribution of the electric field at the position of the beam shaping mirror (see Fig. 2 ) [23, 24] . When the surface profile of the adaptive mirror matches the phase front of the beam the mirror conjugates the phase of the incident electric field. After the propagation back through the cavity the field shows again a plane phase front at the position of the flat output coupling mirror and the initial amplitude distribution of the custom mode is recovered after one round-trip. Thus the field represents an eigenmode of the resonator.
For the calculation of the field propagation through the cavity it is convenient to use the Collins integral. It is a generalised Kirchhoff integral and it allows to consider optical elements in the propagation path represented by ray transfer matrices. As shown in [14] the Collins integral can be approximated with a complex propagation matrix K . The electric field E at the position of the adaptive mirror can then be written as a multiplication of a matrix K (Collins kernel) and a vector E,
